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The hypothesis t ha t  the  generation of soluble products in coal l iquefaction i s  
related t o  the cleavage of e the r  bridges o r  cross-l inks was proposed by Fisher e t  
a l .  (1)  and r e i t e r a t ed  20 years l a t e r  by Takegami e t  a l .  ( 2 ) .  Recently, several 
workers have reported investigations on re la ted  top ics ,  which include reductive al-  
kylation (3 ,4 ) ,  behavior of model compounds (5 ) ,  and the d i s t r ibu t ion  of oxygen- 
containing functional groups i n  l iquefaction products (6 ) .  
of oxygen func t iona l i t i es  in coal l iquefaction seems to  us s t i l l  t o  be obscure, and 
we therefore report  here some attempts t o  c l a r i f y  the  matter.  
ou r  study t o  coa l - t e t r a l in  in te rac t ions  and r e l a t ive ly  shor t  contact times, i n  order 
t o  study phenomena in the ear ly  stages of the process. 

Nevertheless, the ro le  

We have r e s t r i c t ed  

EXPERIMENTAL 

A high vo la t i l e  bituminous coal having a low mineral matter content was chosen 
Liquefaction runs were simulated i n  microreactors (245 cc f o r  the study (Table 1 ) .  

s ta in less  s t ee l  tubes,  w i t h  Swagelok f i t t i n g s )  charged w i t h  5q o f  dr ied  coal and 
10 cc t e t r a l i n .  Reactions were carried out  a t  temperatures of 340 t o  400°C and a t  
contact times u p  t o  30 minutes. Rapid heating of the  contents was achieved by i m -  
mersion of the vessels in a preheated f lu id ized  sand b a t h ;  cooling was achieved by 
plunging the  vessels in to  cold water. 
ver t ica l ly  osc i l la ted  450 times per minute w i t h  an amplitude of 1.25 cm. 
detailed description of the  reactor assembly was given i n  ( 7 ) .  After reaction was 
completed, the contents were transferred t o  a 500 cc f l a sk ,  d i lu ted  w i t h  hexane t o  
a t o t a l  volume o f  500 cc,  s t i r r e d  and l e f t  f o r  24 hours t o  allow the  p rec ip i t a t e  
(asphaltenes, preasphaltenes and residue) t o  be formed. To ensure t h a t  no change 
of sample properties occur during handling, such as oxidation o r  condensation of 
oxygen functional groups, a procedure was designed t o  avoid exposure t o  a i r ,  e l e -  
vated temperatures o r  vacuum. 
and dried a t  room temperature in a stream of nitrogen f o r  24 hours. 
analysis and extraction y ie lds  f o r  adsorbed solvent,  a portion of p rec ip i t a t e  was 
dried in a vacuum (<lo-1 t o r r )  a t  100°C and the weight l o s s  noted. 

The following determinations were car r ied  out  on t h e  hexane-insoluble orec i -  
p i ta te .  Figure 1 presents the  procedure i n  block diagram. 

1 .  Hydroxyl groups were determined by acetylation ( 8 ) .  
modified by u s i n g  a l a rge r  excess of ace t i c  anhydride. 

Carbonyl groups were determined from the  nitrogen uptake during reaction 
with hydroxylamine hydrochloride ( 9 ) .  We a re  aware t h a t  the amounts reported may 
not s t r i c t l y  correspond t o  carbonyl groups, but may include other func t iona l i t i e s .  
However, s ince  carbonyl groups probably cons t i tu te  the major par t  of the function- 
a l i t i e s  detetmined we will r e f e r  t o  a l l  of them as  carbonyls. T h i s  problem does 
not a f f ec t  the conclusions expressed in a l a t e r  par t  of t h i s  paper. 

under a nitrogen atmosphere in a Soxhlet apparatus. 

To ensure good mixing microreactors were 
A more 

The prec ip i ta te  was f i l t e r e d ,  washed with hexane 
To cor rec t  

The procedure was 

2. 

3. Benzene and pyridine s o l u b i l i t i e s  were determined by exhaustive extraction 

H i g h  temperature ash was determined according t o  ASTM procedure D 271. 4. 
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Th is  va lue was used t o  c a l c u l a t e  coa l  convers ion . t o  gases and hexane-solubles us ing  
the  f o l l o w i n g  equat ion d e r i v e d  from m a t e r i a l  balance cons ide ra t i ons :  

%Chexane-solublesl - A i -Ao  104 
A0 Mo + gases 

where Ai = ash c o n t e n t  o f  p r e c i p i t a t e  

A. = ash con ten t  o f  coa l  

Mo = m ine ra l  ma t te r  i n  coa l .  

5. Elementary analyses i n c l u d i n g  d i r e c t  oxygen were determined us ing  a Perk in-  
Elmer Model 240 m ic roana lyze r .  

The loss  o f  t o t a l  oxygen was c a l c u l a t e d  f rom t h e  d i f f e r e n c e  between d i r e c t  oxy- 
gen determinat ions and i s  r e p o r t e d  p e r  t o t a l  i n i t i a l  oxygen i n  coa l .  The values 
w i l l  i n c l u d e  a p o r t i o n  o f  t h e  i n o r g a n i c  oxygen, est imated t o  be no more than  5-10% 
o f  t h e  t o t a l  oxygen; t h i s  e r r o r  w i l l  presumably be t h e  same f o r  coal  and i n s o l u b l e  
r e a c t i o n  products. 

A specia l  sample o f  l i q u e f i e d  coa l  was prepared t o  i n v e s t i g a t e  t h e  e f f e c t  o f  
hydrogen bonding on benzene s o l u b i l i t i e s .  Samples were prepared by r e a c t i n g  coa l  
w i t h  t e t r a l i n  a t  400°C f o r  10 minutes, and then  f o l l o w i n g  t h e  above descr ibed p ro -  
cedure t o  o b t a i n  t h e  hexane- insolub le p r e c i p i t a t e .  

We were a b l e  t o  i n t r o d u c e  d i f f e r e n t  q u a n t i t i e s  o f  t r i m e t h y l s i l y l  groups on t o  
t h e  hydroxy l  groups by v a r y i n g  t h e  r e f l u x  t ime  o f  2g o f  sample i n  40 cc te t rahyd ro -  
fu ran  and 10 cc hexamethy ld is i lazane.  
w i t h  hexane, f i l t e r e d  and t h e  r e s i d u e  was washed w i t h  hexane. Because some hexane- 
s o l u b l e  m a t e r i a l s  were generated by t h e  above procedure, t h e  f i l t r a t e  was c o l l e c t e d  
and s o l v e n t  p l u s  unreacted hexamethy ld is i lazane removed by d i s t i l l a t i o n ,  a f t e r  
which t h e  u n d i s t i l l e d  m a t e r i a l  was weighed. The number o f  hydroxy l  groups b locked 
was est imated f rom t h e  change i n  H/C atomic r a t i o s  between a b lank  r u n  (sample + 
THF), and the products  o f  s i l y l a t i o n  ( res idue  + d r y  s o l i d  f rom f i l t r a t e ) .  

Di f ferences i n  s o l u b i l i t i e s  between b lank  and b locked samples a r e  repo r ted  as 
t h e  increase o f  benzene s o l u b i l i t i e s .  

A f t e r  r e a c t i o n ,  t h e  contents  were d i l u t e d  

RESULTS AND D I S C U S S I O N  

Y i e l d s  o f  p y r i d i n e - s o l u b l e s ,  benzene-solubles and hexane-solubles p l u s  gases 
a r e  p l o t t e d  versus t h e  l o s s  o f  oxygen f o r  va r ious  c o n t a c t  t imes and temperatures 
i n  F igures 2a-d. 
from which i t  i s  tempt ing  t o  draw mechan is t i c  conc lus ions.  
F i she r  e t  a l .  (1)  used a s i m i l a r  c o r r e l a t i o n  t o  t h a t  i n  F igu re  2a, between conver- 
s i o n  t o  benzene-soluble products  and l o s s  o f  t o t a l  oxygen content ,  t o  i n f e r  t h a t  
s p l i t t i n g  o f  e the rs  was a ra te -de te rm in ing  s tep.  
(F igu res  2b and 2c)  c o u l d  suppor t  a l t e r n a t i v e  hypotheses, such as t h a t  t h e  e l i m i -  
n a t i o n  o f  hydrogen-bonding between hydroxy l  groups i s  c r u c i a l  t o  l i q u e f a c t i o n .  I n  
any case, t he re  i s  a c o r r e l a t i o n  between l o s s  o f  t o t a l  oxygen and oxygen as OH 
( F i g u r e  3) .  Thus we b e l i e v e  t h a t  i n  coal l i q u e f a c t i o n ,  where a number o f  processes 
a r e  undoubtedly o c c u r r i n g  c o n c u r r e n t l y ,  unambiguous conclus ions about mechanisms 
cannot be drawn d i r e c t l y  f rom c o r r e l a t i o n s  such as those i l l u s t r a t e d  i n  F igures 2a- 
d. Nevertheless, we b e l i e v e  t h a t  u s e f u l  conc lus ions can be drawn f rom t h e  data, 
though i n  a l e s s  d i r e c t  way. 

genera t i on  o f  p y r i d i n e - s o l u b l e  m a t e r i a l s ,  we have observed t h a t  t he  major  l o s s  o f  

There appear t o  be c o r r e l a t i o n s  between t h e  va r ious  s e t s  o f  data, 
Thus, as a l ready  noted, 

B u t  o t h e r  c o r r e l a t i o n s  found here 

I n  examining t h e  magnitude o f  changes o f  t h e  oxygen f u n c t i o n a l i t i e s  d u r i n q  
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oxygen occurred w i t h  t h e  s o - c a l l e d  unaccounted oxygen (unaccounted = t o t a l  - 
hydroxy l  - ca rbony l )  and ve ry  l i t t l e  change was detected i n  t h e  con ten ts  o f  hydro- 
x y l  and carbonyl  groups a t  these s tages o f  l i q u e f a c t i o n  (F igu re  4 ) .  I f  we presume 
t h a t  the unaccounted oxygen i s  comprised p r i m a r i l y  o f  t h e  e t h e r  oxygen, then  F igure 
4 s t r o n g l y  suggests an impor tan t  c o n t r i b u t i o n  o f  these f u n c t i o n a l  i t i e s  t o  genera- 
t i o n  o f  p y r i d i n e - s o l u b l e  m a t e r i a l s .  Although we cannot es t ima te  an exact  amount o f  
t he  e t h e r  oxygen being cleaved, we can, however, es t ima te  t h e  maximum amount o f  the 
e t h e r  oxygen l i nkages  be ing  c leaved pe r  100 i n i t i a l  carbon atoms i n  coa l .  From a 
m a t e r i a l  balance we can show t h a t :  

1 2)  
[amount o f  e t h e r  t o t a l  oxygen , - [hydroxy l  -t carbonyl  
oxygen c leaved ‘ [ l o s s  oxygen l o s s  

making t h e  reasonable assumption t h a t  t h e  amount o f  oxygen i n  t h e  hexane-solubles 
i s  i n s i g n i f i c a n t .  
e r a t i o n  of  p y r i d i n e - s o l u b l e  m a t e r i a l s  p l u s  gases (convers ion o f  coa l  ) .  
s i o n  equat ion f o r  t h e  l i n e  i s :  

F igu re  5 shows the  r i g h t  s i d e  o f  t h e  above i n e q u a l i t y  versus gen- 
The regres-  

y = - 0.230 -t 0 . 0 3 3 6 ~  3 )  

The second c o e f f i c i e n t  ( s lope )  has a s tandard d e v i a t i o n  u = 0.0030. 
e t h e r  oxygen l i nkages ,  $, be ing  c leaved pe r  100 i n i t i a l  carbon atoms was ca l cu la ted  
from the s lope us ing  t h e  equat ion:  

The amount o f  

where X C = percent  carbon i n  coal ,  dmmf. 

S u b s t i t u t i n g  % C,= 83.47, s lope = 0.0336 

g i ves  

Th is  number i s  s l i g h t l y  l a r g e r  than t h e  amount est imated by Ignas iak  e t  a l .  ( 4 )  i n  
t h e i r  study o f  products  from r e d u c t i v e  a1 k y l a t i o n  o f  a high-rank v i t r i n i t e ,  i .e.,  
two e t h e r  l i nkages  c leaved pe r  100 o r i g i n a l  C atoms. The d i f f e r e n c e  i n  rank o f  v i -  
t r i n i t e s  c o u l d  e x p l a i n  t h e  d iscrepancy.  The ques t i on  a r i s e s ,  i s  e t h e r  cleavage, i n  
the  amount i nd i ca ted ,  s u f f i c i e n t  t o  generate t h e  observed y i e l d s  o f  py r id ine -so lub le  
ma te r ia l s ,  o r  does the  e t h e r  cleavage have on ly  a c o n t r i b u t i n g  r o l e ,  l i k e  t h a t  d i s -  
cussed below f o r  t h e  e f f e c t  o f  hydrogenolys is  o f  hydroxy l  groups on genera t i on  o f  
benzene-soluble ma te r ia l s .  

$ = 3.0 -f 0.3 

I t  should be noted t h a t  t h e  p l o t  i n  F igu re  5 i s  p u r e l y  e m p i r i c a l .  The p o i n t s  
represent  data obta ined i n  runs a t  d i f f e r e n t  temperatures and r e a c t i o n  t imes, so i t  
i s  somewhat s u r p r i s i n g  t h a t  t hey  l e a d  t o  a l i n e a r  reg ress ion  o f  h i g h  s i g n i f i c a n c e .  
One p o s s i b l e  i n fe rence  f rom t h e  f i n d i n g  i s  t h a t  t h e  coal  behaves i n  a manner char- 
a c t e r i s t i c  o f  a u n i f o r m l y  c r o s s - l i n k e d  polymer. 

We have con jec tu red  from F igu re  2c t h a t  s ince  hydrogenolys is  o f  hydroxy l  groups 
cannot r e s u l t  i n  s u b s t a n t i a l  l ower ing  o f  t h e  molecular  weight, t h e  e f f e c t s  observed 
a re  due t o  e l i m i n a t i o n  o f  hydrogen bonding by removal o f  t h e  hydroxy l  groups. 
t h i s  i s  t r u e ,  then by r e p l a c i n g  t h e  hydroxy l  hydrogen w i t h  a s u b s t i t u e n t  l i k e  tri- 
m e t h y l s i l y l ,  we should decrease t h e  number o f  hydrogen bonds and inc rease  t h e  benzene 
s o l u b i l i t y .  The r e s u l t s  o f  t h e  t reatment  w i t h  hexamethy ld is i lazane a r e  shown i n  
F igu re  6. A marked increase o f  benzene s o l u b i l i t y  suggests t h a t ,  d u r i n g  l i q u e f a c -  
t i o n ,  hydrogenolys is  o f  hydroxy l  groups can p l a y  an impor tan t  r o l e  i n  t h e  generat ion 
o f  benzene-soluble ma te r ia l s .  (By e x t r a p o l a t i o n ,  t h e  r e s u l t s  i n d i c a t e  t h a t  over  80% 
o f  t h e  t o t a l  p y r i d i n e - s o l u b l e  m a t e r i a l  cou ld  become benzene-soluble). However, i f  

I f  
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we compare the r a t e  ( s lope)  of generation of benzene solubles when hydroxyl grouns 
a re  blocked to the  r a t e  ( s lope)  when hydroxyl groups a re  removed during l iquefaction 
(dashed l i ne ,  predicted from Figure 2c by cor rec t ing  fo r  y ie ld  of gases) ,  we must 
concede t h a t  hydrogenolysis of hydroxyl groups during l iquefaction cannot account 
f o r  more t h a n  40% of the benzene-soluble materials generated. 
sumably, i s  generated via d i f f e ren t  mechanistic routes.  

more competitive by introducing se l ec t ive  ca t a lys t s .  
such a modification of the l iquefac t ion  process? I n  terms of hydrogen consumption 
the  answer seems t o  be, yes. To produce more benzene solubles merely by hydroqen- 
o lys i s  of OH groups, we would have t o  add about 0.8% of hydrogen (w/w of pyridine- 
so luble  mater ia l s ) .  
actual hydrogen consumption i n  t he  hydrogenolysis o f  asphaltols from a s imi la r  
coal t o  benzene solubles under SRC l iquefaction conditions. 

I n  view of t he  la rge  amount of experimental work involved, we have  only studied 

The remainder, pre- 

Suppose i t  should prove possible t o  make hydrogenolysis of hydroxyl groups 
Would we gain anything from 

On the o ther  hand, Whitehurst e t  a l .  ( 5 )  give 2 .2% f o r  the  

one coal.  
removed much more rapidly i n  the ear ly  stages of l iquefaction than o ther  oxygen- 
containing groups, and a maximum amount of e the r  groups s p l i t  has been estimated. 
I t  has been shown tha t  hydrogenolysis of OH groups has an important e f f ec t  on the 
s o l u b i l i t y  o f  l iquefaction products. 
aspects of these conclusions probably will not apply t o  other coa ls ,  but i t  seems 
l ike ly  t h a t  the qua l i t a t ive  ident i f ica t ion  of important phenomena wi l l  be relevant 
generally.  

One principal f inding i s  t h a t  "unaccounted" oxygen, mostly e the r ,  i s  

The quan t i t a t ive ,  or semi-quantitative, 

SUMMARY 

A number of processes taking place during l iquefaction a re  concurrent and, 
therefore ,  no mechanistic inferences can be made from simple relationships between 
generation of d i f f e ren t  c lasses  of soluble materials and loss  of coal func t iona l i -  
t i e s ,  such as oxygen functional groups. 

than 3.0 f 0.3 e the r  oxygen linkages per 100 i n i t i a l  carbon atoms in the  coal s tu-  
died,  and loss of "unaccounted" oxygen, assumed t o  be pr inc ipa l ly  e the r ,  increases 
l i nea r ly  with conversion, a s  measured by pyridine so lub i l i t y .  

Blocking o f  hydroxyl oxygen w i t h  t r imethyls i ly l  groups r e su l t s  in an increase 
i n  the  benzene s o l u b i l i t i e s  of pyridine-soluble materials.  However, comparison of 
the  r a t e s  of increase when hydroxyl groups a r e  blocked with the  ra tes  when hydroxyl 
groups a r e  removed during l iquefaction leads t o  the inference t h a t  d u r i n g  l iquefac- 
t i on  no more than 40% of benzene-soluble materials a r e  generated from benzene-insol- 
uble,  pyridine-soluble mater ia l s  by the mechanism of hydrogenolysis of oxygen 
functional groups. 

The amounts of e the r  oxygen being cleaved during the  process a re  not la rger  
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TABLE 1 
Elemental Analys is ,  PSOC-330, M idd le  K i t t a n n i n g  Seam, Pa. 

Minera l  M a t t e r  7.96% Oxygen ( d i r e c t )  9.03%* 
Carbon 76.83% Hydroxyl oxygen 3.8% 

N i t rogen  1.71% V i t r i n i t e  content  71.4% 
Sulphur (o rgan ic )  0.67% P y r i d i n e  s o l u b i l i t y  13.2% 
Oxygen (by d i f f e r e n c e )  7.86% P y r i t i c  su lphur  2.08% 

a l l  data on d r y  m ine ra l - con ta in ing  bas i s  

Hydrogen 4.97% Carbonyl oxygen 1.2% 

*not co r rec ted  f o r  i n t e r f e r e n c e s  b y  m ine ra l  mat ter .  

COAL/TETRALIN 

Fig. 1 PROCEDURE BLOCK DIAGRAM 
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Fig.  3 RELATIONSHIP  B E T W E E N  LOSS O F  H Y D R O X Y L  O X Y G E N  AND T O T A L  O X Y G E N  

u ,  

U : I  .- h\A 

A 37OOC 

t 
CARBONYL 
HYDROXYL 

--- 
- UNACCOUNTED 

I I I I 
0 20 40 60 80 

Pyridine Solubles + Gases, Percent w / w  of Coal 
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P Y R I D I N E  SOLUBLE MATTER,  D R Y  C O A L  BASIS 

167 

I 



3.0 

2 
0 

- 
Y 
a 
2 2.0 

I 1 I I 

2 > z 
0 
m 
(L 4 

U 
0 
Q 
+ 

.A > x 

0 (L 

> I 
n 

0 
2 

_1 

4 + 
0 i- 

0 
Q 

0 

0 I I I I I I I I I 
10 20 30 40 50 60 70 80 90 

Pyridine-solubler +Gases, Percent w / w  of Cool 

Fig. 5 RELATIONSHIP BETWEEN MAXIMUM ETHER OXYGEN CLEAVED AND GENERATION OF 
PYRIDINE SOLUBLES +GASES, PERCENT W / W  OF COAL 

168 

I 

I 

I' 

1 
I 

I 

I 


